A simple model for the combustion of solid monopropellants is presented. The condensed phase is treated by high activation energy asymptotics. The gas phase is treated by two limit cases: high activation energy, and low activation energy. This results in simplification of the gas phase energy equation, making an (approximate) analytical solution possible. The results of the model are compared with experimental results of Hydrazinium Nitroformate (HNF) combustion.
Introduction
In this article a very simple model for the combustion of a solid monopropellant is presented. Goal of the model is maximal predictive capability and accuracy, coupled with minimal complexity. This is achieved by using essential physics and chemistry only, yielding an understandable model. The condensed phase is treated by a high activation energy approximation method. The gas phase is treated in two ways: high activation energy limit, and low activation energy limit. Both limits allow for an analytical solution of the gas phase energy equation. The exposition here is based on the work of Ward et al. on the combustion modeling of HMX [3] . However, due to the research interests of TNO, Hydrazinium Nitroformate (HNF) is used as study case.
The modeling of solid propellants may be a cost effective way to determine properties such as regression rates, and temperature sensitivity before even carrying out any experiment. Composite propellants are contemporary workhorses for many applications, but modeling of these heterogeneous propellants is very complex. Some models for composite propellant combustion have been developed, such as the PEM model [l] . However, these models require extensive experimental calibration.
It is therefore currently recognized that more complex models are needed, to be able to compute regression rates, and other properties a-priori. As starting point for composite propellant models, many models of solid monopropellant combustion were recently developed [2] . These models are often based on simplified chemical kinetics, coupled with a multi-phase one-dimensional space domain. Due to the complexity of these models, basic principles are often not revealed. 
Model
The combustion of HNF is modeled as a one dimensional, steady state process. The condensed phase is described by a unimolecular , irreversible, zero-order decomposition reaction
A + B ,
(1) where A represents the solid HNF, and B some kind of unstable intermediate species. B reacts further according to the following bimolecular, irreversible, gas phase reaction
where M is a third body (B or C), and C the final product species. This reaction is second order overall, and first order with respect to B. B represents the decomposition products (N02, HONO), C represents intermediate gas phase products, such as NO, and M represents unstable species such as N, H, OH, etc. For purposes of modeling species conservation, no distinction is made between the M species that appear on the left and right hand sides of Eq.(2) although they would in general be different (Le., unimolecular dissociation is not being implied). The process is assumed to be a bimolecular exchange reaction, which for species bookkeeping purposes, assumes only two gas species, B (reactant) and C (product).
The molecular weights of the various species are assumed to be equal, and mass diffusion in the gas phase is assumed to be described by Fick's law. The heat capacity and thermal conductivities are assumed to be constant. The gas phase and condensed phase heat capacity are assumed to be equal. To simplify solution of the gas phase equations, the Lewis number is assumed to be unity, Le = k,/p,dcp = 1 (for symbols see nomenclature at end of article). The gas phase is assumed to obey the ideal gas law. Mass diffusion in the condensed phase is neglected.
Their perspective is based on the fact that the temperature profile of HMX could be much better replicated by E, = 0, than E, = ca. Analogs in gas phase combustion provide further evidence that such an approach is not unrealistic. Most of the energy of a hydrogen/oxygen system is released during the initiation/branching process, which has a low activation energy barrier. It is true that the final recombination/termination step has a high energy barrier, but this step is almost energetically neutral. The regres sion rate of the solid propellant will therefore not be determined by this step, but by the more exothermic initiation/branching step. Both limit cases (E, = 0, and Eg = co) will be discussed here, to see the overall effect on the model.
The energy equation in the gas phase is
Condensed phase
With the above assumptions, the condensed phase is described by the following energy equation with the reaction rate given by dT d2T d x dx2
mc -= k c -
with boundary conditions where Y is the mass fraction of B. The density of the gas phase, p, is found from the ideal gas law. The interface conditions are found from energy conservation at the surface T(0) = T, , and lim T ( x ) = T O .
x+-w (4)
As a zero-order condensed phase reaction was assumed, the reaction rate is given by (9) cc = pcAc exp (-g) . [4, 5] . After this guugingof the model, the regression rate is calculated at different pressures, without modification of any of the other parameters.
In this equation zi is a dimensionless characteristic gas reaction zone thickness, given by 2 In summary: In the limit of a high condensed phase activation energy, coupled with a low activation energy gas phase, the analytical solution of the problem is given by the (nondimensional) form of Eq. (6) Fig. 1 shows the results of the calculated regression rate for both models, compared with experimental data. The high activation energy limit yields the familiar n = f = 1, whereas n = 0.83 was found experimentally for HNF combustion. Because the regression rate was gauged at O.lMPa, the flame sheet overpredicts the regression rates above 0.1 MPa. The low activation limits shows remarkable agreement with the experimental results. This model predicts n = 0.85 (at 1 MPa). Fig. 2 shows the results of the calculation of the temperature sensitivity op for both limiting cases. This sensitivity is defined as It is seen that the low activation energy limit accurately predicts the temperature sensitivity, whereas the flame sheet approximation overestimates up at . Similar results were also obtained from a detailed kinetical model [6] . Fig. 3 compares the temperature profile as found from both limit cases, and this detailed modeling. 
Conclusions
A very simple model for the combustion of HNF is presented. The model follows a new approach by using a zero gas phase activation energy. This approach shows great predictive capability, in both regression rates, and temperature sensitivity. The aggreement of these propellant properties is much better than with the usual assumption of infinite gas phase activation energy.
